This study investigates how changes in the surface properties of three representative sul de minerals (galena, sphalerite and chalcopyrite) affect their oatability in the presence of an oxidizing agent (H 2 O 2 ). Tests were conducted at four molar ratios of H 2 O 2 :mineral (0, 0.5, 1.0, and 2.0). To better capture the effect of surface oxidation, the tests were conducted at both acid and basic conditions (i.e., pH = 3 and 10). In all surface property and oatability evaluations, the pH and Eh were equilibrated. The surface properties were evaluated by X-ray diffraction, Fourier transform infrared spectroscopy, zeta potential measurements and contact angle analyses. The oatability was evaluated by a micro otation method. At the acidic initial pH, galena most sensitively reacted with H 2 O 2 , followed by chalcopyrite and sphalerite, whereas at pH 10, the reactivity differences were insigni cant. H 2 O 2 addition changed the sul de species (initially present on the mineral surface) to sulfate or hydroxyl species, and decreased the mineral oatability. To investigate the surface property that mainly reduced the mineral oatability in the presence of H 2 O 2 , we measured the zeta potentials and contact angles, which are closely associated with the electrostatic and hydrophobic forces, respectively. The oatability depended on the contact angle after the H 2 O 2 addition, implying that the oatability was mainly reduced through oxidation reactions, which increased the hydrophilicity of the mineral surface.
Introduction
The development of ef cient otation processes of copper, lead, and zinc complex sul de minerals is a challenging but interesting task. 1, 2) In particular, the sul de minerals (e.g., chalcopyrite, galena, and sphalerite) associated with the subject metal possess similar surface properties (e.g., electrokinetic and hydrophobic properties). [3] [4] [5] [6] [7] [8] [9] Fullston and the colleagues reported that the electrokinetic property of intact sulde minerals such as pyrite, sphalerite, chalcopyrite, and galena is similar with that of elemental sulfur, and thus they have similar isoelectric points lower than 3. 3, 4) Depending on the magnitude of polarity (i.e., the strength of bonding composed of minerals), minerals can be subdivided into ve categories; 5) sul de minerals have a weak covalent bonding that is relatively weaker than that of carbonate, sulfate, and oxide minerals, and the low surface polarity caused by the weak bonding structure renders the surface of sul des relatively hydrophobic.
For otation recovery and grade improvement, the surface of metallic minerals that need to be recovered must be made hydrophobic while others must be hydrophilic. [9] [10] [11] However, due to the aforementioned reasons that sul de minerals possess similar surface properties, separating each other is not straightforward. In most studies, hence, the recovery and grade have been improved by introducing effective or novel depressants. [12] [13] [14] [15] [16] [17] [18] [19] [20] Various inorganic salts and organic polymers such as dextrin, starch, carboxymethyl cellulose, ferrochrome lignosulfonate, potassium dichromate, sodium humate, ammonium persulfate have been introduced as a depressant in complex sul de mineral otation processes. [12] [13] [14] [15] [16] For instance, Rath and Subramanian reported that galena can be effectively depressed using dextrin in the pH range of 10 to 12 and sphalerite recovery can be improved to 85%.
13) The combined use of sodium humate and ammonium persulfate has been found as an ef cient depressant of galena in otation separation for copper/lead bulk concentrate.
14) Tapley and Yan found that magnesium-ammonium mixture can be used as an arsenopyrite depressant from a pyrite-arsenopyrite system with sodium ethyl xanthate as a collector; the best separation was achieved at a pH of 8 and 250 mg/L magnesium-ammonium mixture.
15) The diverse types of depressants suggest that when separating complex sul de minerals, an appropriate depressant for the speci c sul de mineral must be selected and optimized. [12] [13] [14] [15] [16] [17] [18] [19] [20] Depressants often work by changing surface properties via surface oxidation and polymer adsorption, which interferes with bubble attachment. 18, 19) When a collector is required, changed surface properties interfere with collector attachment, and eventually prohibits bubble attachment. 19, 20) Thus, it is essential to interpret the changes in surface properties during reaction with depressants, and to understand their consequent correlations with oatability. This study, therefore, aims to correlating the surface property changes with the oatabilities of copper, lead, and zinc sul de minerals subjected to varying extents of surface oxidation. Hydrogen peroxide (H 2 O 2 ) was employed as a depressant in the present study. The surface properties were investigated by Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and zeta potential and goniometer measurements. The oatability was evaluated through micro otation tests. The outcomes of this study provide basic information for the ef cient otation processing of lead, zinc, and copper complex sul de minerals.
Materials and Methods

Minerals and reagents
The sul de minerals were galena (PbS), sphalerite (ZnS), and chalcopyrite (CuFeS 2 ), purchased from Ward s Science. The mineralogy and chemical composition of these minerals were investigated by XRD (X pert Pro, PANalytical, Netherlands), inductively coupled plasma (ICP) (iCAP 7000 Series ICP-OES, Thermo Fisher SCIENTIFIC, USA), and energy dispersive X-ray uorescence spectrometry (ED-XRF) (Epsilon 5, PANalytical, Almero, The Netherlands). The purities of the tested PbS, ZnS, and CuFeS 2 were 98.06%, 99.89%, and 99.37%, respectively (Table 1 and Fig. 1 ). For the otation tests, the minerals were ground in a rod mill sized at −100 + 150 mesh (104-147 µm, Tyler Standard). The ground sample was kept in a vacuum to prevent oxidation of the mineral surface. The oxidizing agent was 50 mass% H 2 O 2 , and the pH regulators were 0.1 N hydrochloric acid (HCl) and 0.1 N sodium hydroxide (NaOH). All reagents were purchased from Sigma-Aldrich.
Surface oxidation procedure
To react the mineral with the oxidizing agent, 1 g mineral was added to 100 mL de-ionized (DI) water (Milli-Q Plus, Millipore Ltd., UK), then left for 90 minutes to equilibrate the reaction between the mineral and oxidizing agent. The mineral oatation and surface properties were investigated at different amounts of oxidizing agent (0, 0.5, 1.0, and 2.0 molar ratio of H 2 O 2 to mineral). To better capture the effect of surface oxidation, the tests were conducted at both acid and basic conditions (i.e., pH = 3 and 10). Throughout the 90-minute oxidizing reaction, the pH and Eh were monitored at 10-minute intervals (Fig. 2) . The pH and Eh were measured with a pH electrode (Orion Triode pH/ATC Comb Ag/AgCl Electrode, Thermo Science) and a ReDox electrode (Orion Sure-ow Comb Redox Eletrode, Thermo Science), respectively. Once the reaction was complete, the samples were ltered through a 0.45-µm membrane lter (Advantec, Tokyo, Japan), then dried in a vacuum for 4 hours to prevent oxidation. The changes in the surface properties (mineralogy, zeta potential, and contact angle) and the oatability of the dried samples were investigated.
Surface characterization 2.3.1 XRD and FT-IR analyses
The variations of crystal structure and chemical bonding in PbS, ZnS, and CuFeS 2 with different surface oxidation extents at the two pHs were investigated by XRD and FT-IR, respectively. First, the XRD patterns were recorded by an X pert Pro, PANalytical using Ni-bered Cu Kα radiation (λ = 0.154606 nm, 40 kV, 40 mV). The XRD patterns of the minerals were collected at 2θ = 10-70 . The FT-IR spectra of the minerals were recorded by a JASCO FT/IR-4100 spectrometer in the range 2000-650 cm −1 at a resolution of 1.0 cm 
Zeta potential analysis
The electrophoretic mobilities of PbS, ZnS, and CuFeS 2 under the various experimental conditions (i.e., the four oxidation levels at two initial pHs) were measured by a zeta potential analyzer (ELS-Z, Otsuka Eletronics Co., Japan). The samples for the mobility measurement were ground in a mortar, reacted with H 2 O 2 , and classi ed in deionized (DI) water. To minimize the gravitational effects during the mobility measurements, the size criterion in the classi cation was set to 3 µm. The classi ed product was then collected via centrifugation and re-suspended in DI water. The pH of the suspension was unadjusted (5.6-6.0). The mineral suspension was poured into the ow cell, and its electrophoretic mobility was measured. The values of at least 3 repeated measurements were converted to zeta potentials using the Smoluchowski equation. 21, 22) 
Contact angle measurement
To examine the hydrophobicity of the PbS, ZnS, and CuFeS 2 minerals surface-oxidized by different extents at two initial pH levels, the contact angles were measured with a goniometer (KRÜSS, Hamburg, Germany). In these measurements, the drop volume of the syringe was set to 0.2 µL, and the water was dispensed through a needle (NE60 with diameter Φ = 0.212 mm, KRÜSS, Germany).
Micro otation tests
Flotation tests were performed in well-controlled, modied Hallimond tubes containing 150 mL DI water and 1 g dried mineral stirred at 340 rpm with a magnetic bar. During the otation test (5 minutes), pure nitrogen gas (purity: 99.99%) was injected at 30 mL/min. To evaluate the mineral oatability, oated and un oated samples were dried at room temperature (25 C) for 12 hours before their weight was measured. The percent oatability (f) was determined as f = (W u / (W f + W u )) × 100. Here, W u and W f , respectively, represent the weight of un oated and oated samples. Figure 3 (a) shows the oatability changes in PbS, ZnS, and CuFeS 2 exposed to various H 2 O 2 levels at initial pH 3. In all minerals, the sul de oatability tended to decrease with increasing H 2 O 2 content. Interestingly, this tendency varied widely among the minerals. For instance, the oatability of PbS decreased to about 3.1% at a molar ratio of 0.5, whereas that of ZnS remained at approximately 59.1% even at 2.0 molar ratio. The oatability of CuFeS 2 was low at 2.0 molar ratio and similar to that of PbS, but was less and more responsive to H 2 O 2 content than the oatability of PbS and ZnS, respectively. Figure 3 (b) shows the oatability changes in PbS, ZnS, and CuFeS 2 after H 2 O 2 addition at initial pH 10. As observed for initial pH 3, the oatability levels of all sul de minerals tended to decrease with increasing H 2 O 2 content. However, the oatabilities were more sensitive to H 2 O 2 addition at initial pH 10 than at initial pH 3. In particular, at 0.5 molar ratio, the oatability levels of the three mineral types decreased to 18% or lower. Again, PbS most sensitively reacted with H 2 O 2 , but its reactivity did not signi cantly differ from that of ZnS and CuFeS 2 .
Results and Discussion
Effect of H 2 O 2 on mineral oatability
Effect of H 2 O 2 on mineralogy
To understand the oatability responses to H 2 O 2 amounts described in subsection 3.1, the mineral surface properties that directly affected the oatability were investigated. First, the changes in mineral surface mineralogy before and after the H 2 O 2 reaction were investigated by XRD and FT-IR. Figure 4 shows the XRD and FT-IR results of PbS exposed to various H 2 O 2 amounts at pH 3 and pH 10. PbS tended to sensitively react within the range of investigated H 2 O 2 amounts. A sulfate peak was observed at both pHs, but an additional hydroxyl peak appeared at pH 10. 23, 24) This implies that the oxidizing reaction changed the relatively hydrophobic sul de layer, which was initially present on the PbS surface, to hydrophilic sulfate and hydroxyl layers. The XRD and FT-IR results of ZnS revealed no sulfate layer formation in the presence of H 2 O 2 at pH 3 (see Figs. 5 (a) and 5 (b)), but hydroxyl layers were observed in the ZnS IR spectra at pH 10 25) (Fig. 5 (d) (Fig. 6 (d)) ; note that the XRD analysis was less sensitive than the FT-IR analysis, so the Cu(OH) 2 peak was not detected in the XRD results (Figs. 6 (c) versus 6 (d) ).
Causes of reduced oatability in the presence of H 2 O 2
As con rmed in subsection 3.2, the structure of the three sul de minerals developed a high polarity after H 2 O 2 addi- tion. However, the trend of decreasing mineral oatability with increasing H 2 O 2 amount was not suf ciently explained likely due to instrument detection limit. Mineral otation is determined by the particle-bubble collisions, the attachment of particles to bubbles, and the stability of the attached particles. 27, 28) As the physical conditions in the present otation tests were very similar (e.g., identical mixing speed, similar distributions of particle sizes), the particle-bubble collisions were assumed consistent among the mineral types and H 2 O 2 contents. In addition, because the identical mixing speed ( 340 rpm) imparted the same external force to the attached particles, the stability of the attached particles was assumed consistent. Therefore, the mineral oatability is determined by the probability of particle attachment to the bubbles.
Particles and bubbles interact by van der Waals force, electrostatic force, and hydrophobic force. 29, 30) The van der Waals force exerts a repulsive effect in the solid-liquid-bubble system, whereas the hydrophobic force is attractive and the electrostatic force is either repulsive or attractive depending on the condition. 31, 32) As shown in subsection 3.2, H 2 O 2 addition changes the surface mineralogy. This implies the potential changes in surface charge and hydrophobicity of minerals, which is related to the electrostatic force and hydrophobic force, respectively. The mineral zeta potentials of the samples treated with different H 2 O 2 molar ratios are shown in Table 2 . In this analysis, it was assumed that if the electrostatic force governs the bubble-mineral interaction, surface oxidation would increase the electrostatic repulsive force of the bubbleparticle interaction; otherwise, the trend would contradict the oatability trend observed in Fig. 3 . The zeta potential of bubbles is known to be negative in circumneutral environments. 33, 34) Hence, for consistency with the oatability trend, the zeta potential of the mineral must negatively increase with increasing H 2 O 2 molar ratio. In the present study, however, the H 2 O 2 treatment positively accelerated the zeta potentials of both PbS and CuFeS 2 at both initial pH levels. The positively increased zeta potential after surface oxidation was also observed for other sul de minerals. 3, 35) The zeta potential of ZnS exhibits more complicated behavior, becoming more negative after surface oxidation at both pHs, apparently consistent with the oatability trend. However, a closer analysis reveals that the zeta potential trends cannot explain the ZnS oatability results. Speci cally, at initial pH 3, the zeta potential of ZnS is almost constant (ca. −20 mV) over the investigated range of molar ratios (0.5-2.0). This result cannot support the obvious decrease in ZnS oatability from 80% to 60% over the same range of molar ratios. Moreover, whereas the zeta potential was less negative in ZnS treated with 2.0 molar ratio (−21.7 mV) than in untreated CuFeS 2 (−28.1 mV), the oatability was much lower for ZnS ( 55%) than for CuFeS 2 ( 99%). This clearly excludes electrostatic force as a critical factor in our case. Note that the physico-chemical conditions (particle size, and the physical conditions and solution chemistry of the otation test system) were almost identical in the otation tests of all minerals. A similar trend for ZnS appears at initial pH 10 (i.e., the zeta potential increases after surface oxidation and the oatability is higher for untreated PbS than for ZnS treated with 0.5 molar ratio). Therefore, we conclude that changes in the electrostatic force triggered by H 2 O 2 addition cannot suf ciently explain the observed oatability changes.
To test whether the oatability was affected by the hydrophobic force, which responds to mineral hydrophobicity changes, the hydrophobicity was measured by the contact angle technique. The results are shown in Table 3 . The changes in contact angle and oatability corresponded for all minerals at both initial pH levels. In pure PbS, which most sensitively reacted with H 2 O 2 , the contact angle was approximately 127.1 at pH 3. In contrast, the contact angle could not be measured at the lowest H 2 O 2 addition (0.5 molar ratio), conrming a hydrophilic PbS surface. The contact angle of ZnS gradually decreased from 126.1 to 110.9 with increasing molar ratio, consistent with the oatability of this mineral ( 98.6-59.1% over the same molar ratio range). The contact angle of CuFeS 2 at 0.5 molar ratio was approximately 115.3 , between that of PbS and ZnS, and correspondent with the oatability trends. At pH 10, the three minerals were very sensitive to H 2 O 2 content, and their contact angles were not measured even at 0.5 molar ratio, con rming their hydrophilic surfaces. This result accords with the surface mineralogy change investigated in subsection 3.2 (i.e., that oxygen-associated species with greater polarity reduce the oatability and also the contact angle). Interestingly, at oatabilities below 50%, the contact angles of the mineral samples decreased too abruptly for measurement. This sharp decrease may re ect the close correlation between oatability and the sul de fraction on the mineral surface, which directly affects the contact angle. This assumption should be veri ed in further study.
Conclusions
This study investigated the correlation between oatability and the surface property changes in three representative sulde minerals after reaction with varying amounts of H 2 O 2 . The core outcomes are summarized below:
1. The oxidation levels on the mineral surface in equilibrium depended on mineral type; PbS was most sensitive to H 2 O 2 , followed by CuFeS 2 and ZnS. The H 2 O 2 reaction caused the sul de species that initially resided on the sul de mineral surface to change to sulfate or hydroxyl species. The oxidation levels of mineral surface as well as the distributions and relative amounts of these altered species were also affected by initial pH.
2. For all mineral types and at both initial pH levels, the oatability decreased with increasing H 2 O 2 content. The decreased oatability with increasing H 2 O 2 content corresponded with the decreased contact angle over the same range of H 2 O 2 molar ratios, which was closely related to the hydrophobicity of the mineral surfaces. Table 3 Contact angles of PbS, ZnS, and CuFeS 2 treated with various R m at initial pH of 3 and 10. The measurements were carried out under equilibrium conditions (see Fig. 2 ). 
